INTRODUCTION
In recent years theoretical model building has become a respectable and profitable approadt in many industries. No tedmical problem is ever solved without some type of model. In many cases, when the variables significant to the mission are few in number, the appropriate model describing the system will simply exist in the mind of the problem solver. Situations of this type do exist in the tobacco industry, however, they are rare. 'When dealing with the physical aspects of tobacco materials in connection with "events" occurring in processing one must resort to some degree of abstraction. Generally speaking, analysis of tobacco material (as reflected by the literature) has been restricted to quasistatic testing procedures (1.). This may be due to the complex structure of the material and/or the lack of suitable methods and tedmologies. Typically, the approadi.es (2) have involved inducing deformations whidi., in most instances, are assumed to have adtieved their equilibrium values. Approximations of this type are valid only when the time required to establish equilibrium is short in comparison to the observation time. Nonetheless, it is often tempting to use results from measurements of this type to infer or predict dynamical behavior. It certainly is not the authors' intent to imply that quasi-static measurement methodologies are useless. When the conditions for whidt these tedtniques were originally devised are rigorously adhered to, they provide a powerful means of analysis. The authors also recognize that because we must deal with "real life" problems, certain extrapolations and gross inferences are a practical necessity. The processing of tobacco materials involves a variety of forces. Common to any installation are forCes whidi. arise from operations such as cutting, conveying., etc. In addition, the materials are subjected to processing steps whidi. involve the addition of water, additives and various drying procedures. These combinations lead to dtanges in the physical state of the tobacco materials. Thus, information concerning the state of the material, the nature of the forces exerted on the material, and the type of material are necessary in order to develop a reasonable processing model. The above statements underscore the complexities facing the model builder. However, starting from fundamentals, certain communalities may be identified. First, to a large extent the structural properties of the material are an important factor to consider when dealing with any of the above-mentioned processing "events". Second, the forces predominantly encountered will vary both in time and magnitude. These observations imply that physically the effects must be considered in terms of stress wave propagation within the material. This first paper will deal with one particular phase of the overall problem of process modelling. In the ensuing, we will confine our attention to the structural aspects of reconstituted tobacco sheets. This restriction is predicated primarily on the fact that in comparison to lamina, reconstituted tobacco materials are relatively simple. Equally important, in simplifying our mission is that a wealth of information can be drawn upon from the published work of several accomplished reseanhers (3). The first section will deal with the basic concepts of elasticity theory. Knowledge of the elastic properties of tobacco materials (in general) provide insight into cigarette firmness, tobacco smoking quality, and tobacco expansion (4-6). The argument should serve as an overview for many researdters or, alternatively, as a primer for those working in the tobacco industry who are not familiar with these specific concepts. The fundamentals of wave propagation will be introduced and coupled with the concepts of elastic theory (7). A one-dimensional model will be assumed so that the type of waves whidi. arise experimentally can be most easily understood (8) . Production of stress waves, for material testing purposes, may be systematically accomplished by employing Ultrasonic techniques. In using ultrasonic wave propagation methodologies, phase relations must be kept in mind. Because the test material is finite in length, boundary conditions (just as in the optical analogue) give rise to phase reversals. The phase conditions involved in dealing with reflected and transmitted waves are illustrated in terms of the material's par:ameters (9). These arguments are simple but will aid the researcher in interpreting the signals arising DOI: 10.2478/cttr-2013-0392 from the stress waves as they are propagated through reconstituted tobacco. The structural model which has been tested experimentally will be discussed in context of the previously introduced concepts. Fundamentally, the model assumes that reconstituted tobaccos fall into one of two general classes ... that is, either isotropic or orthotropic materials. The second section will deal with the experimental approach. Ultrasonic techniques and "how to use them in testing reconstituted tobacco materials" is the central theme. "Tricks of the trade" are discussed. Although one may regard the principles as somewhat trivial, nonetheless the pragmatics of dealing with bonding, mode selection, etc. are not. The final section will deal with the results of ultrasonically interrogating several reconstituted tobaccos. These results will be examined in terms of the theoretical framework presented. In addition, the implications of structure, and the formation of that structure from a fabrication viewpoint will be discussed. Experimental data will be presented only for a specific set of environmental test conditions. In a later paper we will present the results of changing variables such as temperature and relative humidity.
1HEORETICAL CONSIDERATIONS

Elasticity -Elastic Limit
When forces are applied to solid bodies, deformations are observed. Depending on the magnitude of the force, the body may or may not return to its original configuration upon removal of the force. In Figure : 1., the region OA illustrates the case where the relation between stress and strain is linear. The stress and strain relations are governed by Hooke's law. Point A is called the elastic limit of the body. Consequently, if the magnitude of the stress does not exceed that value corresponding to A, the body will always return to its original dimensions. On the other hand, if the stress is increased to the corresponding .region B and then "turned off", the body retains, to a degree, the associated strain. This region is sometimes termed the region of "plasticity" (:!.o). If the stress is increased beyond that value at region B, to point C, the body would finally break. Figure 2 illustrates the stresses which are involved in the x1 direction for a material in the form of a cube.
There are three sets of couples (i. e. two forces of equal magnitude and opposite direction whose lines of action are. parallel but non-coincident) which act on the six faces of the body. T,. T,.
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where E is defined by
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In addition we have that
indicates that a body under stress in the Xt direction undergoes a contraction in the transverse direction. The ratio of the two associated strains is simply Poisson's ratio. In the case of an isotropic body, a simple relation exists between G and E, namely,
[6]
Wave Equation
The quantities A. and 1. 1. ansmg in the classical theory of elasticity may be related to the velocity of mechanical waves propagated through a solid material. In general, all materials exhibit some degree of inhomogeneity. Typical of reconstituted tobacco are the various pores and random defects in the structure arising from fabrication methods. At ultrasonic frequencies, the presence of these inhomogeneities tend to act as scattering centers and/or absorbers of mechanical waves. Thus, experimentally, one observes a distorted or attenuated sound pulse emerging from the material. As long as the attenuation is not too severe, one may describe the phenomena by the one-dimensonal wave equation:
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In [7] , Q is the density of the materia! through which waves are propagated, E is Young's modulus and u is the particle displacement. The term f(u, it) is (the dot denotes differentiation with respect to time) a dispersive/dissipative term. The function encompasses the phenomena of scattering and attenuation of sound waves Jn solids (13) . For the present we will assume that f{u, it) = o .
With condition 8, equation 7 reduces known homogeneous wave equation
where v 2 = EIQ • [8] to the wellThe above form of the wave equation describes one particular mode of wave propagation, that is the longitudinal mode. It can be shown, however, that other ~lastic modes exist (14) . In general, the propagation of elastic waves in solids can be divided into two: distinct categories, longitudinal and transverse waves. The former type describes extensional or compressional motion while the latter describes twisting or shearing motions of the material. In practice, when one deals with materials such as reconstituted tobacco, local disturbances (defects, etc.) generally tend to give rise to both longitudinal and transverse waves. Consequently, one may start with a pure longitudinal wave and observe mixed modes. The intensity of these modes are several orders of magnitude less than that of the initial wave and may be ignored. In this case (the isotropic limit), the sonic velocity is related to the elastic constants A. and 1. 
The principal concern with longitudinal wave propagation in reconstituted tobacco is for samples in the shape of a strip or thin line. For such configurations, the sonic modulus as determined by equation 11 is . found to be more than adequate. A similar situation exists for paper materials. Several acoustical measurements in paper have been reported. On the basis of work on cellulosic sheets by Horio and Onogi {16), Craver and Taylor (17) concluded that the correction term in equation 13 could be ignored.
Phase Relations
When testing material by ultrasonic methods, one must take into account the relative phases of the associated pressure waves to properly interpret the signal information. Consider two materials with a common boundary (say tobacco and nickel). The reflection coefficient, r, and transmission coefficient, t, are defined by If the first condition is satisfied, the reflected wave is said to be 180° out of phase with respect to the incident wave. If, on the other hand, the second condition is true, the reflected and transmitted waves are in phase. The last relation depicts the ideal case of perfect transmission across the boundary. The last condition, although not as important as the first two for signal identification purposes, has important practical implications. Experimentally, one does not connect the exciting media (magnetostrictive rod) directly to the material under investigation (reconstituted tobacco). In practice, one must find a suitable bonding material so that waves may be coupled into the tobacco material with minimum reflection. The above arguments are oversimplifications of reality. However, they, as do their optical analogues, serve to illustrate the physics of the experiment.
Anisotropy of Tobacco Sheet
In the measurement of any mechanical parameter of a material, symmetry considerations must not be ignored. In general, materials such as crystals, reflect their funda:Qlental lattice parameters via symmetry. These parameters provide insight into the very nature of formation or structure of the solid. Similarly, the determination of reconstituted tobacco symmetry provides valuable information concerning the fabrication and processability of these materials. The property of anisotropy has received a great deal of attention in the paper making industry (18) . The variation of elastic moduli as a function of "making direction", to a large degree, influences many of the important material processing characteristics. The authors, upon a review of the pertinent literature, found that a similar directional model is applicable to reconstituted tobacco. The model is based on the assumption that reconstituted tobacco can be described by orthotropic symmetry. When a material exhibits such symmetry, two principal directions situated at right angles to one another exist. In: general the elastic moduli as a function of angle are related by (19) :
In [16] the symbol 11 denotes "machine direction" and .L the perpendicular direction. G 11 , .L is the in-plane shear modulus, and v the corresponding Poisson' s ratio. If
The validity of equation 18 has been investigated for a large variety of reconstituted tobacco materials. In the context of the present work on reconstituted tobacco, equation 18 has been tested in the following way:
1. The sonic modulus of elasticity was measured in the 11 and j_ directions.
2. Using [18] the angular dependence at 9 = 45° was calculated.
3·
The value calculated via [18] was compared to the experimental value.
The above approach d~s not lead to a complete test of the orthotropicity of reconstituted tobacco. Nonetheless, an: agreement with the general form of equation 18 implies that relation 17 holds true as well.
EXPERIMENTAL APPROACH
Apparatus and Methods
The heart of any ultrasonic experiment is the transmitter-receiver transducer system. For the measurements described herein a Panametrics 5010 console with magnetostrictive transducers (2o) provided the reauired capabilities. Auxiliary equipment consisted of a Tektronix 1121 Broadband Amplifier and a Tektronix 7504 Oscilloscope. Figure 3 is a bled< diagram of a typical arrangement incorporating the above-mentioned modules. The 5010 is capable of providing an ultrasonic pulse of (3. to 30 ItS wide) at a pulse repetition frequency (PRF) of 6o or 120 pulses per second. All measurements were performed at a PRF of 6o. The transducers used can produce two modes, that is either pure extensional or combinational ( extensional -torsional). 
Lead-In
Echo Mode
The echo mode is the most basic ultrasonic method (21) in use. In this mode only one transducer is required since the transmitter output point is switched to a combination transmitter . output-receiver input junction. Operation is as follows: the transmitter provides an electronic pulse, at a selected amplitude and pulse width, to transducer A (see Figure 4) . The transducer converts this pulse to an ultrasonic pulse which travels along the axis of the lead-in (B) toward its end (C). Assume a pure extensional mode for clarity. Transverse waves will be discussed later. When the pulse reaches the end of the lead-in (C) (assume no sample is attached), nearly total reflection occurs. At the transducer, the pulse is partially converted back to an electrical signal which is then fed to the receiver. A portion of the ultrasonic pulse is not converted but is reflected and again travels toward the end of the lead-in. It should be noted that the ultrasonic pulse travels through the lead-in at the velocity of sound in the medium (nickel). The pulse continues reverberating in the lead-in, decaying in time ( Figure 5 ). The portion of the echo signal which is sent to the receiver is amplified to permit proper operation of the gating circuit and to provide a usable signal for viewing on the oscilloscope. The gating circuits provide pulses which can be varied to correspond to two echo peaks and in turn provide a visual readout of the time between the two peaks, This visual readout is dis- played by Nixie tubes located on the front of the console. By measuring the time between the initial drive pulse (main bang) and the first echo, and measuring the length of the lead-in, one can calculate the velocity of sound in the lead-in material (see Figure 6) . Extremely accurate time measurements are thus available ( ± .1 f.lS). Now assume a sample (D) is attached to the end of the lead-in (Figure 7) . As the pulse reaches the boundary (C), part of the signal is coupled into the sample (D) and part of it is reflected. The amount of coupling is a function of the material bonded to the ·lead-in and the means used for bonding (boundary impedance). The transmitted signal propagates through the sample, is reflected at its end (E) and returns toward the leadin. At that point it is again partially reflected and transmitted. Note the transmitted signal lags the initial reflection from the lead-in junction by an amount equal to the travel time back and forth in the sample. By measuring the time between these pulses along with the length of the sample, and by accounting for the two-way trip, one can determine the speed of sound in the sample material. This cycle is repeated 6o times each second with the ensuing reverberations damped well before a succeeding pulse is generated.
Transmission Mode
In the transmission mode, the initiation and detection is accomplished by utilizing a symmetric transducer configuration (22) (see Figure 8) . The transmitter output is isolated from the receiver which now obtains its input from the receiving transducer (G). Only signals which are transmitted through the sample are amplified, therefore, the signal reflected back toward the transmitter transducer (A) from the first junction point (C) is disregarded. Following one ultrasonic pulse through the system will provide a good understanding of this mode. As in the echo mode, the signal travels through the transmitter transducer lead-in (B) and is partially transmitted and reflected at the lead-in sample boundary (C). The transmitted signal continues through the sample (D) and is partially reflected and transmitted at the sample receiver transducer lead-in boundary (E). The pulse propagates through the lead-in (F) and is converted by the receiving transducer (G), providing the first 
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Transducer Transducer reference pulse. The reflected signal from this second junction point (E) travels back through the sample (D) and is reflected and transmitted again at the first junction (C). This reflected portion returns toward the second junction (E) where it is reflected and transmitted as before. The transmitted pulse is converted by the transducer (G) and used as the second .reference point. Note that .the difference between the two pulses represents the travel time back and forth in the sample only, and thus can be used to calculate the speed of sound in the media.
Echo-Transmission Mode
This particular mixed mode of operation was conceived by the authors during the.· course of this work. Subsequent utilization of this approach has generated much interest in testing material of similar acoustical properties.
The echo-tran §mission mode (E-T Mode) is, as the name implies, a combination of the echo mode and the transmission mode. In this mode, both the echo pulse and the transmitted pulse are received and utilized. As in the echo mode, the transmitter output is also the receiver input. In addition, the receiver obtains a signal from the receiving transducer (G); therefore, two signals are introduced into the receiver.
Again, for the sake of clarity, a pulse will be traced through the measuring system ( Figure 8 ). The initial echo from (C) is amplified and used . as reference. The portion of the pulse which is transmitted through the sample (D) and the lead-in (F) is amplified and used as the second reference pulse. Note that in this instance the difference between the first and second pulse represents the difference in travel time from point (C) to point (A) and point (C) to'point (G) which primarily occurs because of the difference in the velocity of sound in the sample (D). The lead-in wire (F) is purposely made longer to provide a difference in the time even when the two lead-ins are directly coupled· together. This time increment is, of course, still included in the time difference between the two pulses and must be taken into consideration when calculating the velocity in the test material.
Bonding Considerations
The method and material used in bonding the sample to the lead-in are of extreme importance in performing the measurements. The ratio of reflection to transmission at each boundary is a function of the bonding material as well as the sample. Factors which must be considered are: strength, thickness, attenuation, configuration of the lead-in, sample junction and ease of bonding.
If the thickness of the bond becomes too great, then time of travel in the bond itself becomes critical. In the E-T Mode, the thickness of the bond and hence the time of travel is accounted for somewhat in the determination of the travel time differences in the leadins . . . the configuration of the lead-in end and the sample affects the percent of transmission at the boundaries. Experimentation determined that the best junction to use in these measurements was the overlapping joint (see Figure 9 ). This arrangement was selected because of the geometry of the material. To achieve optimal transmission, the condition Ql v1 = -Q2 v2 must be satisfied. In practice, one need not worry about obtaining echos since these occur readily, but obtaining good transmi~sion is sometimes difficult. Various materials were tried as bonding agents. Since information is lacking on many materials with respect to attenuation coefficients aQd acoustical impedances, trial and error emerge as the only solution. Apiezon W provided a practical bond which satisfied the necessary acoustical properties for tobacco substances.
Display and Phase Effects
During a measurement, the oscilloscope provides a visual display of the acoustical patterns occurring in the lead-in sample system. The usefulness and accuracy of the whole experiment depends on the ability to correctly read this display. The slightest bend in the lead-in, a kink in the sample, poor lead-in sample · junctions, all provide unnecessary pulses and reverberations. Sometimes these spurious signals can be eliminated, at other times, they are unavoidable. The pulses which are of interest are those occurring because of the sample boundaries. It is essential to not only distinguish which peaks are the primary peaks but also to recognize their relative phases. To obtain accurate time measurements, the differences between corresponding points on two signals must be measured. This is complicated by phase changes and differentiation effects (2;). The pulse induced in the lead-in by the transducer and, likewise, the signal induced in the transducer by the lead-in are results of a changing current and a changing magnetic field respectively. These induction effects convert the square drive pulse from the transmitter to a negative. peak and a positive peak. The negative peak corresponds to the leading edge of the square wave while the positive peak corresponds to the lagging edge. Therefore, since differentiation occurs twice, the video display consists of four peaks, two positive and two negative. In general, it should be remembered that a phase change accompanies the reflected pulse at the boundary of a material possessing a larger acoustic impedance.
EXPERIMENTAL PROCEDURE
Six different types of reconstituted tobacco were selected. Over three hundred individual measurements were made on these samples. These reconstituted materials were selected on the basis of their varied composition and processing. The different reconstituted tobaccos will be referred to as I, II, Ill, IV, V, and VI (see Table 1 .). All samples were conditioned to ambient laboratory temperature and humidity. The temperature was approximately 75° F and the relative humidity was approximately 54 °/o.
Extensional Measurements
The Young's Modulus of a material may be multivalued if the material is anisotropic or single valued if isotropic. It follows that a material's directional properties must be considered if a thorough understanding of its elastic behavior is to be ascertained. The ultrasonic method described provides a simple, accurate and non-destructive method of determining a material's directional properties. In consideration of the possible anisotropic behavior of reconstituted tobacco, it was necessary to establish a directional convention, such that a measurement in the A direction for one sample was the same A direction of another sample. It is not assumed on an a-priori basis that direction A, B, or C of Sheet Ill is in the casting direction. In sheets I, II, IV, V, and VI, A was in the casting direction, B was perpendicular to A. c is associated with e = 45° (see equation 1.8) .
The E-T Mode was chosen for both the longitudinal wave and the transverse wave experiments. This mode was used because of the relatively high attenuation of the acoustical pulses by the material. Before a measurement could be made, the time difference between the two lead-ins was established. This was accomplished by joining the two lead-ins with a bond similar to that used to hold the sample sheet during measurements. Care was taken to obtain a representative bond. By using the oscilloscope, the time between the echo from the junction and the transmitted pulse through the junction. was measured. Various measurements showed this time to be 1.4.5 !lS.
To make a measurement, a piece of reconstituted tobacco, approximately 3.oXo.3 cm, was bonded to each end of the lead-ins so that it bridged the gap between them. The visual display on the oscilloscope along with the Panatherm 501.0 was adjusted so that a time interval between pulses could be measured. The sample was then removed and retained for surrogate measures.
T1·ansverse Shear Measurement
The shear wave measurements were performed in a different fashion from the extensional measurements. Instead of using two extensional transducers, two combinational units (24) were employed. Whereas the extensional transducer produced only an extensional mode pulse, the combinational produced both ,-:longitudinal and shear waves. In order to properly view both pulses and provide for viewing their echos so that time intervals could be measured, longer lead-ins were used. This increased the reverberation time and prevented confusing the reverberation echo with the shear wave which propagates at a lower velocity than the longitudinal wave. Bonding and sample ·size were similar to those used in the extensional measurements; however, for these tests the density of each particle was not measured. Instead, the velocities of both the longitudinal waves and the shear waves were measured and their ratios calculated.
SUMMARY
The theoretical model and experimental results, as tabulated in Table 1 ., lead to the following conclusions concerning the elastic and structural properties of the examined reconstituted tobaccos:
a. The magnitudes of the moduli for the materials interrogated were different (statistically significant). b. Type I material, although in principle the same as Type II material, displays orthotropic symmetry. This structural difference was induced by slightly changing process operating parameters. c. Type II materials can be classified as belonging to the isotropic group. d. Type Ill material is orthotropic. This particular material was developed using a higher degree of fiber content, consequently fiber orientation was manifest in the mechanical structure. e. Type VI material has the lowest modulus. This property is derived from the various input/binder materials. f. Type V material is orthotropic. In this material a relatively high fiber content was used, coupled with a variation in processing. g. Type Ill material possesses the largest moduli for the entire collection of reconstituted tobaccos tested .
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